Multipotent adult stem cells must balance self-renewal with differentiation into various 2 mature cell types. How this activity is molecularly regulated is poorly understood. By 3 using genetic and molecular analyses in vivo, we show that a small network of basic 4 Helix-Loop-Helix (bHLH) transcription factors controls both stemness and bi-potential 5 differentiation in the Drosophila adult intestine. We find that homodimers of 6 Daughterless (Da, homolog to mammalian E proteins) maintain the self-renewal of 7 intestinal stem cells and antagonise the activity of heterodimers of Da and Scute (Sc, 8
INTRODUCTION
The regulation of stem cell fate decisions hinges on the control of transcription. Central 2 to this control are gene regulatory networks, whose activity and dynamics steer cells Fig 1A-9 B). Some EEs and ISCs showed very low levels of expression ( Fig 1C-D) . This 10 expression pattern, with the described role of several bHLH proteins in intestinal 11 homeostasis, suggested a function of emc in promoting EC differentiation.
12
Emc is required for ISC differentiation 13 We examined the effect of emc loss in the adult posterior midgut by generating emc Table S1 ). Clones for the strong hypomorphic allele emc 1 Fig 2B) . This was due to apoptosis, since co-30 expression of the caspase inhibitor p35 and emc-specific RNAi prevents the loss of 31 esg + cells ( Fig S1D) . We conclude that emc is necessary to allow differentiation of ISCs 32 and EBs, as well as for their survival. Fig 4A) . When we co-expressed emc and N RNAi together, all ISCs and EBs turned 27 into ECs ( Fig 4B) , strongly suggesting that emc operates downstream of Notch. This Bardin et al, 2010) . By contrast, co-expression of 3 emc and H led to a sharp increase in the levels of EC differentiation (Fig 4D, G) . This 4 further indicates that Emc can induce differentiation in the absence of Notch signalling. 5 Next, we tested whether emc mediates the effects of Notch signalling. Activating the 6 pathway by knocking-down H leads to an increase in EC differentiation (Bardin et al, 7 2010; Fig 4E) and to the expression of the NRE reporter in all the progenitor, diploid 8 cells, including those expressing Dl ( Fig 4H) ; this is likely due to an increased baseline Therefore, the intestinal phenotypes we observed with the loss of emc may be due to 20 increased activity of Da and its dimerization partners. Indeed, overexpression of da 21 with esg TS -FO recapitulated precisely the effect of emc knockdown in esg + cell nests.
22
Some of these nests (labelled by hdc expression) were expanded ( Fig 5A-B , I), and 23 many were lost, their survival rescued by co-expression of p35 ( Fig 5B and S2C) . (Fig 2E) .
26
This suggests that the role of Emc is largely to repress one or more Da-containing 27 bHLH dimers, which in turn maintain stemness and survival. Epistasis experiments 28 further confirmed this, as the simultaneous loss of Emc and Da led to the differentiation 29 of ISCs and EBs into ECs ( Fig 5E-H) . 30 We sought to determine the identity of the Da partners involved in maintaining Fig 5D) .
18
This shows that Da can promote ISC self-renewal solely as homodimers, which are 19 antagonised by Emc to allow EC differentiation. Furthermore, our results suggest that 20 Da binds to an unknown partner, to form complexes that are titrated by Emc and 21 whose excess promotes cell death in esg + cells. 23 While the maintenance of self-renewal corresponds to Da homodimers, the loss of emc 24 mimics best the overexpression of monomeric Da, which increases all Da-containing 13 We have shown so far that Da homodimers maintain ISC self-renewal, with EC Fig S3A, D) , and the number of GFP + cells generated in only 3 days of lineage tracing 24 was much higher than those generated during normal tissue replacement ( To further test the capacity of Da homodimers to antagonise EE differentiation, we Table   23 S3), with Sc inducing modest changes in gene expression, and Da and Da:Da affecting 24 far more genes ( Fig 7B) . Interestingly, the three conditions had a modest overlap, and 25 monomeric Da induced gene expression changes in many genes unaffected by either 26 Da:Da or Sc, suggesting that it may participate in additional complexes ( Fig 7B) . We 27 first considered whether the genes upregulated in the three conditions were located in (Tables S4, S5 and S6), suggesting 1 that a good fraction of these genes might be primary targets.
22

Basal levels of Sc in esg + cells confer ISC properties
Sc:Da and Da:Da antagonise each other in the ISC-to-EE transition
2
Overexpressing Da or Da:Da led to increased expression of many genes known to be 3 expressed specifically in ISC/EBs and/or required for their maintenance and 4 proliferation (Table S7) overexpression of Sc led to increased expression of genes known to promote EE 10 differentiation (ase, pros, phyl), as well as of genes expressed specifically in ISCs 11 and/or being required for ISC function, such as Dl, neur, spdo, polo, Cdk1, pon, sna, 12 mira and HmgD ( Fig 7E) . This is all in agreement with our phenotypic observations. kinases (RTKs) singled out) ( Fig 7H and Fig S4I) . Interestingly, they also showed 5 depletion of genes involved in metabolism, ribosome, mitochondrial function and 6 oxidative phosphorylation ( Fig 7H and Fig S4G-H) . This is unlikely to reflect a switch 7 towards glycolytic metabolism, as most glycolytic genes (including Pfk, which codes for 8 the rate-limiting enzyme) are generally either not affected or mildly downregulated 9 under these conditions (Table S8 ). These two features (higher decision-making 10 pathways and lower metabolism) were confirmed with a GSEA of Gene Ontology terms 11 (Biological Process), which show an enrichment of terms related to fate specification 12 and morphogenesis (specifically Notch and RTK pathways), and depletion of metabolic 13 and mitochondrial-related genes. Interestingly, this analysis also shows an enrichment 14 of genes regulating cell cycle and cytokinesis (Table S9 and Fig S4J) ; in the case of 15 Sc, this is in agreement with its recently described role as a mitotic inducer in the ). However, while we too observe induction of E(spl)-C genes upon Sc forced 2 expression, so we do as a result of Da:Da and Da overexpression (Fig 7) . This 3 suggests that the regulation of E(spl)-C (and therefore of sc) may be more 4 complicated. Additional work will be necessary to determine the sequence and timing 5 of regulatory inputs that initiate fate-inducing levels of Sc or Emc. against a mechanism that simply initiates Emc or Sc expression to induce the EC or 10 EE fates. Moreover, the functions of Emc and Sc seem to be more complex than acting 11 as mere fate switches. Adequate levels of Emc are required in the EB, as its depletion 12 induces de-differentiation into ISCs (Fig 3) , but its overexpression accelerates EB 13 terminal differentiation into ECs (Fig 2) . Intriguingly, it has recently been proposed that (Fig 7) without eliciting a conversion into pre-EE cell.
19
Higher levels would be required to initiate EE differentiation. Therefore, the amounts of Emc shows higher levels of accumulation in EBs and ECs (Fig 1) , where Da is 25 expressed but other bHLH factors are at minimal levels.
26
Da and Sc cooperate to endow cells with ISC properties 27
Our data shows a critical requirement for Da:Da in ISC maintenance, but also that Sc (Fig 7) . This is in agreement with the recent proposal that ISCs are sources 4 of autocrine signals required for their own maintenance (Doupé et al, 2018) . We also 5 find evidence that mitochondrial function is reduced by expression of Sc, Da and 6 Da:Da (Fig 7) , which fits well the observation that ISCs display an 'empty mitochondria' <0.05, <0.01 and <0.001 for one, two or three asterisks (see Tables S1 and S2). for one, two or three asterisks (see Tables S1 and S2). respectively. P-values are <0.05, <0.01 and <0.001 for one, two or three asterisks (see 23 Tables S1 and S2). <0.05, <0.01 and <0.001 for one, two or three asterisks (see Tables S1 and S2). 
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